ABSTRACIT Chlorella autotrophica, a euryhaline marine alga, and Stichococcus bacillais, a salt-tolerant soil alga, grow in the presence of methionine sulfoximine (MSX), an inhibitor of glutamine synthetase, by maintaining high levels of NADPH-glutamate dehydrogenase. Nitrate reductase showed no change in MSX-adapted cells. For both species, MSX-adapted cells retained their capacity to accumulate proline in response to salinity, and in S. bacillaris no major shift was observed in the presence of MSX toward the accumulation of sorbitol. Following transfer from 33 to 150% artificial seawater (ASW), both algae exhibited increases in organic solute levels without a lag. Within 6 h of this sudden increase in salinity, the levels of proline in C. autotrophica and of proline and sorbitol in S. badillaris were similar to those found in steady state 150% ASW cultures.
Accumulation ofthe imino acid proline in response to drought and salinity has been observed in many plants and microorganisms (10, 25) , and it was suggested by Measures in 1975 (18) that before the evolution ofhomeoosmotic mechanisms in higher animals, this osmoregulatory mechanism may have been widespread in all living organisms. This emphasis on proline as a unique osmoticum prompted many workers to use proline accumulation as a quantitative expression of drought and salt resistance in crop plants. These attempts, however, have not been successful (10) . Recent experiments with induced drought and salt resistance in suspension cell cultures have shown that levels of proline in cells adapted to 30% polyethylene glycol increase to a maximum of about 60 mM (15) . Quantitatively, such an increase does not appear to be large enough to suggest a major osmotic contribution to cells adapted to media of 2000 milliosmoles (mOsm) (15) . Granted, similarly low levels of proline have been suggested to play an osmoregulatory role in halophytes (26, 27) , but proline is just one of many organic solutes accumulated in these plants. Certainly , there is not a general correlation between proline accumulation and the plant's ability to resist low external water potentials. It and dry habitats requires the recognition that there are four distinct groups of vascular plants and green algae based on their capacity to accumulate proline and their ability to resist water deficit.
Group A: High proline accumulators with proline as the single predominant organic solute. Two ofthe most conspicuous members of this group are the coastal angiosperm, Triglochin maritima (27) , accumulating about 350 mm proline at 400 mOsm (200 mM NaCl), and the marine microalga, Chlorella autotrophica (1), accumulating more than 1600 mm at about 3000 mOsm (300% artificial seawater).
Group B: High proline accumulators with an ability to accumulate large quantities of other organic solutes simultaneously. Examples are, sorbitol in the coastal alga, S'ichococcus bacillaris ( 13) , asparagine in salt-tolerant Agrostis stolonifera (24) , and Aacetylornithine in the salt marsh halophyte, Puccinellia maritima (8) .
Group C: Low proline accumulators with an ability to accumulate large quantities of other organic solutes. This group is exemplified by glycerol-accumulating marine flagellates (5, 1 1), glycinebetaine-accumulating salt-tolerant chenopods (28), and sorbitol-accumulating, salt-tolerant and alpine species of Plantago (7, 24) .
Group D: Low proline accumulators with low capacity to accumulate other organic solutes. In the absence of water deficit avoidance mechanisms in slightly vacuolated cells, this group is only moderately resistant of low external water potential.
It has been argued that the accumulated proline, even at low tissue levels, can play a major osmoregulatory role in the cytoplasm, where it is proposed to be preferentially sequestered (15) . However, there is not clear evidence for subcellular compartmentation of proline. Besides, the ratio of vacuole:cytoplasm volumes in most nonsucculent plants is in the range of 0.5 to 3 (20) , which is not large. It follows from these observations that, although proline accumulation in response to drought and salinity is widespread among vascular plants and green algae, proline's role as a major osmoregulatory solute can be defined clearly only in a specialized group comprised mainly of angiosperm halophytes and marine algae. If one of the main objectives of studies into the mechanisms of proline accumulation is to develop this physiological trait in crop plants (group D), then there is a need to focus on the special physiological and biochemical features associated in high accumulators found in saline habitats (groups A and B).
Proline biosynthesis occurs mainly from glutamate via the synthesis and reduction of A-pyroline-5-carboxylate (23 NH4Cl or NaNO3 as the nitrogen source and nutrient enrichments as described previously (17) . In MSX studies, media containing 0.4 and 2 mm MSX were prepared for S. bacillaris and C. autotrophica, respectively, according to Ahmad and Hellebust (3, 4) . Cell densities and growth constants (,u) were determined as described previously (4) .
Transfer of Cultures to High Salinities (Salt Shock). Cultures grown at 33% ASW were mixed with equal volumes of 267% ASW containing appropriate MSX concentration and nitrogen source to give a final seawater concentration of 150%. These experiments were initiated 2 to 3 h after the start of the light period, and the cultures were kept at 20°C with 24 W. m-2 cool white light.
Harvesting. Cells were harvested and washed twice by centrifugation as described previously (3, 4) .
Extraction and Measurement of Organic Solutes. Cells from 200-to 500-mL-cultures were extracted twice in 2.5 mL of methanol:chloroform:water (12:5:3) , and the water-soluble layer of the extract was separated by centrifugation after mixing it with 5 mL each of chloroform and water. The water-soluble fraction was then rotary evaporated at 40°C and stored in 1 mL at -20°C.
Proline was determined by a modification of the method of Bergman and Loxley (12) . Sorbitol was determined enzymically by the spectrophotometric procedure described by WilliamsAshman (30 (6) . The cell suspension was disrupted as described for NADH-NR extracts. Two aliquots of 250 uL were removed for Chl and protein determinations. A further 250-uL aliquot was removed from thiol-containing preparations and was clarified by 20% ammonium sulfate precipitation for GDH determination as described previously (4). The remaining preparation was clarified by centrifugation at 25,000g for 30 min at 0OC, followed by a passage through a 0.22-,um filter assembly, and was loaded onto a Pharmacia Mono Q anion-exchange column attached to an FPLC system to fractionate GS, and GS2 activities.
Fast Protein Liquid Chromatography. FPLC media were prepared with or without thiols; salt gradients and fraction collection were as described previously (6) .
Enzyme Assay Procedures. For NADH-NR, a modification of the procedure of Scholl et a l . (22) using phenazine methosulfate during nitrite color development was adapted to avoid interference by excess NADH, which was found to give10 to 20% less color. The synthetase activity of GS and the amination reaction of NADPH-GDH were determined as described previously (4 Analytical. Chl was extracted in 90% acetone and determined by the procedure described by Arnon (9) . Protein was extracted in 1 N NaOH and determined as described previously (3, 4) .
Radioactivity was determined on a Beckman LS-230. Tables I and II are consistent with our previous observations (1, 3, 4) in that both C. autotrophica and S. bacillaris divide faster in the presence of ammonium than in the presence of nitrate. At 150% ASW, the inhibition in the cell division rate in C. autotrophica was in the range of 20 to 30% (Table I) , while in S. bacillaris it exceeded 85% (Table II) . That the cell protein content of S. bacillaris at 150% ASW was higher than at 33% ASW (Table II) indicates that biomass production in this alga is less sensitive to salinity than cell division. Chlorella autotrophica showed little change in either protein or Chl content in response to the given increase in salinity (Table I) Tables I and II and cell proline contents  shown later. Table I . Growth Parameters ofMSX-Free and MSX-Adapted Cells ofChlorella autotrophica Cells were grown exponentially at 33 or 150% ASW. Growth constants are based on triplicate 50-mL cultures. Protein and Chl contents were determined in cell-free extracts and are presented as averages and SE of three to five determinations. The estimated required nitrogen assimilation rate was calculated as ,um x cell nitrogen content, which in turn was calculated as cell protein/6.25 + cell proline-nitrogen shown in Table V (3, 4) .
RESULTS

Growth Characteristics. The results shown in
Nitrate Reductase. In both algae, nitrate-grown cells contained high levels of NADH-NR activity, while no detectable activity of this enzyme was found in ammonium-grown cells (Tables III   and IV ). In C. autotrophica the increase in salinity from 33 to 150% ASW had little effect on NADH-NR activity (Table III) , while in S. bacillaris the levels of this enzyme at 150% ASW were reduced by more than 50% in comparison with those at 33% ASW (Table IV) . The activity of NADH-NR was not influenced by the presence of MSX for either algae (Tables III  and IV ). The levels of NADH-NR activity in nitrate-grown cells of both species were found to be far in excess of their estimated required nitrogen assimilation rates (Tables I to IV) .
Glutamine Synthetase Isoenzymes. The distribution ofthe two isoenzymes, GS, and GS2, was dependent upon nitrogen source and salinity of the media. In S. bacillaris, GS2 was the major isoenzyme in cells grown with either nitrate or ammonium (Table IV) , whereas in C. autotrophica GS2 predominated in nitrate-grown cells and GS2 in ammonium-grown cells (Table  III) . The levels of both GS, and GS2 for both algae were found to be higher in cells growing at 150% ASW than at 33% ASW, except for GS1 in nitrate-grown C. autotrophica, which showed a decrease at 150% ASW (Tables III and IV) . Consistent with our previous observations (2-4), both algae showed higher total GS (GS, + GS2) activity in the presence of nitrate than in the presence of ammonium (Tables III and IV) . These activities in MSX-free cultures either matched or exceeded the estimated required nitrogen assimilation rates (Tables I to IV) . Only residual activities of the two GS isoenzymes were present in MSXadapted cells, ranging from 7 to 14 amol cell-' -min-' in C. autotrophica and from 2 to 5 amol cell-'. min-' in S. bacillaris. These activities were clearly not sufficient to maintain the estimated nitrogen assimilation rates for these cells (Tables I and II) .
Glutamate Dehydrogenase. The activity of NADPH-GDH in all MSX-free and MSX-adapted cells was in excess of the estimated required nitrogen assimilation rates, except in nitrategrown C. autotrophica at 33% ASW, which showed barely adequate levels of this enzyme (Tables I to IV ). In C. autotrophica, the levels of NADPH-GDH activity were higher in the presence of ammonium than in the presence of nitrate (Table III) , whereas the reverse was true in S. bacillaris (Table IV) . In nitrate-grown cultures of C. autotrophica and ammonium-grown cultures of S. bacillaris-i.e. the nitrogen source favoring lower levels of NADPH-GDH activity-the levels of NADPH-GDH in MSXadapted cells were higher than those in MSX-free cells (Tables  III and IV) . In nitrate-grown cultures of S. bacillaris-iLe. the nitrogen source favoring maximum levels of NADPH-GDH activity-the levels of NADPH-GDH at 150% ASW were less than half of those found at 33% ASW (Table IV) .
Organic Solute Accumulation. The proline content of both C. autotrophica and S. bacillaris was markedly higher in cells growing at 150% ASW than in those growing at 33% ASW (Table  V) . In both algae, ammonium-grown cells showed higher proline contents than those grown with nitrate. For both algae, the proline contents of MSX-free cells and MSX-adapted cells were not appreciably different. Table V also shows a marked increase in the sorbitol content of S. bacillaris at 150% ASW. It is interesting to note that sorbitol contents of MSX-adapted cells were about 10 to 15% higher than those of MSX-free cells (Table V) .
Response of Algae to Transfer from 33% ASW to 150% ASW. In these experiments, cells growing exponentially at 33% ASW were transferred to 150% ASW 2 to 3 h after the start of the light period and were monitored for solute accumulation, enzyme levels, photosynthesis, and protein synthesis over a period of 2 to 6 h. Table VI shows the time course for organic solute accumulation in the two algae following their transfer from 33 to 150% ASW (salt shock). There was no apparent lag in either proline accumulation in C. autotrophica or proline and sorbitol accumulation in S. bacillaris, and within 6 h the levels of organic solutes accumulated by these algae were similar to those exhibited at steady state (Tables V and VI) . For both algae, the patterns of solute accumulation exhibited by MSX-adapted cells after their transfer from 33 to 150% ASW was not appreciably different from that shown here for MSX-free cells.
The levels of NADH-NR, GS (total), and NADPH-GDH in nitrate-grown S. bacillaris were monitored over a period of 4 h following the transfer from 33% to 150% ASW (results not shown). Both NADH-NR and NADPH-GDH showed little change in response to salt shock in the given period of time. However, the activity of GS in MSX-free cells showed a 30% decrease over this period. (Table VII) . Following these lag periods, the rate of ['4C]phenylalanine incorporation in control and salt-shocked cells was markedly similar (Table VII) . DISCUSSION Salinity Tolerance and GS Levels. The ability of C. autotrophica and S. bacillaris to adapt to the presence of MSX has been demonstrated previously (3, 4) . These MSX-adapted cells have now been grown for several hundred generations in the presence of MSX. Our present study reveals that there has been no loss of vigor in these cells and that their ability to tolerate salinity is similar to that of MSX-free control cells. We have not detected any appreciable change in the residual GS levels found in MSXadapted cells to indicate the appearance of MSX-transport mutants in these cultures. These residual GS activities in MSXadapted cells equaled 37 to 68% of net nitrogen assimilation rate in C. autotrophica and 10 to 70% of that in S. bacillaris. Considering that the glutamate synthase cycle in these phototrophic cells may be regulated by light due to thiol control of GS2 (6) and Fd-dependent activity of glutamate synthase (4), the contribution of GS in nitrogen assimilation of MSX-adapted cells appears very small. Most of the ammonium assimilation in MSX-adapted cells, therefore, must occur via NADPH-GDH, which is highly active in these cells. That NADPH-GDH is functional in MSX-adapted cells indicates that this pathway can also operate together with the glutamate synthase cycle in MSXfree cells of C. autotrophica and S. bacillaris, particularly under the conditions favoring high activities of this inducible enzyme.
Proline Biosynthesis. The accumulation of proline at high salinities in MSX-adapted cells of C. autotrophica and S. bacillaris at a level within 80% of their MSX-free counterparts 351 reductase. In C. autotrophica and S. bacillaris, the presence of MSX had no effect on ammonium inhibition of NADH-NR activity. Ifthis inhibition in MSX-adapted cells is associated with the GS product, then it must be assumed that the residual GS activity found in these cells is sufficient to maintain a normal glutamine pool. However, our present study does not exclude the possibility that ammonium modulation of nitrate reductase may be independent of GS activity. Choice of Osmoregulatory Solute. It is striking that MSXadapted cells of S. bacillaris accumulated high levels of proline and did not show a major shift toward the accumulation of the other non-nitrogenous osmoregulatory solute, the polyol, sorbitol. What advantages have these algae with multiple organic osmoregulatory mechanisms over those with only a single osmoregulatory solute? The pattern of sorbitol and proline accumulation in S. bacillaris in response to salinity is interesting. Sorbitol in these cells is always present in large amounts: about 100 mm under freshwater conditions and increasing to more than 500 mm at high salinities (13) . In the absence of data on cell inorganic ion content, it is difficult to determine the nature ofcellular osmotic balance in this alga. However, it would appear that constitutively high levels of sorbitol in this soil and coastal alga will tend to avoid complete turgor loss during rapid declines in external water potentials. As far as the accumulation of proline is concerned, both C. autotrophica and S. bacillaris can grow at salinities of up to 50% ASW with very little free proline. It is only at salinities approaching upper limits of salt tolerance of C. autotrophica and S. bacillaris that proline becomes the major osmoregulatory solute in these algae (1, 13) . Thus, it would appear that the accumulation of proline in these algae may be associated less with growth under optimal conditions and more with the survival at inhibitory salt levels.
Solute Accumulation following Sudden Increase in Salinity. A lag period apparently associated with de novo synthesis of enzymes prior to proline accumulation has been reported in saltshocked cells of Chlorella emersonii (14) . The absence of lag for proline accumulation in salt-shocked cells of both C. autotrophica and S. bacillaris as well as sorbitol accumulation in S. bacillaris indicates that the enzymic component for organic solute synthesispresent in these algae at low salinities is adequate.
The stimulation of organic solute accumulation in these cells at high salinities is therefore likely to be associated with the regulation of enzymes activities. We are currently investigating the regulatory characteristics of some of the enzymes involved in the synthesis of osmoregulatory solutes in C. autotrophica and S. bacillaris.
Long-term Adaptation to Salinity. Our studies into the metabolic status of salt-shocked S. bacillaris revealed that these cells are able to carry out normal biocarbonate photoassimilation and to maintain fully active enzymes of nitrogen assimilation. Protein synthesis in these cells was disrupted only for a short period, and the eventual recovery of the rate of protein synthesis was almost complete. It is paradoxical, therefore, that this alga with such a marked capacity to tolerate salt shock showed severe growth inhibition at high salinities. This points toward some specific effects of long-term growth at high salinities not manifest during the initial period of change in salinity. Stichococcus bacillaris shows marked morphological changes when grown at high salinities forming multicellular filaments (16) , the size of which appears to increase with salinity (results not shown).
